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High-temperature superconducting cuprates exhibit an intriguing phenomenology for the low-
energy elementary excitations. In particular, an unconventional temperature dependence of the
coherent spectral weight (CSW) has been observed in the superconducting phase by angle-resolved
photoemission spectroscopy (ARPES), both at the antinode where the d-wave paring gap is maxi-
mum, as well as along the gapless nodal direction. Here, we combine equilibrium and time-resolved
ARPES to track the temperature dependent meltdown of the nodal CSW in Bi-based cuprates with
unprecedented sensitivity. We find the nodal suppression of CSW upon increasing temperature to
be ubiquitous across single- and double-layer Bi cuprates, and uncorrelated to superconducting and
pseudogap onset temperatures. We quantitatively model both the lineshape of the nodal spectral
features and the anomalous suppression of CSW within the Fermi-Liquid framework, establishing
the key role played by the normal state electrodynamics in the description of nodal quasiparticles
in superconducting cuprates.
Copper-oxide high-Tc superconductors host a variety
of emerging and competing quantum phases. On the one
hand, their low temperature physics is mainly character-
ized by unconventional d-wave superconductivity (SC);
on the other hand, the normal state is actually a “strange
metal” exhibiting various complex phenomena, such as
pseudogap physics and charge density wave order [1–
4]. Since the discovery of cuprates, the existence (or
lack thereof) of well-defined quasiparticles in the nor-
mal state, as well as their temperature and doping de-
pendence, have been the subject of intense debate. The
characteristic onset temperature Tc has been associated
not only with the SC phase transition but also with the
emergence of coherent quasiparticles [5, 6]. In this re-
gard, specific insight has come from angle-resolved pho-
toemission spectroscopy (ARPES), either at equilibrium
or in pump-probe configuration, which provides access to
the low-energy electronic structure and its dynamics [5–
15]. In particular, an unconventional temperature depen-
dence of the coherent spectral weight (CSW) for antin-
odal quasiparticles has been reported by ARPES studies
on Bi2Sr2CaCu2O8+δ (Bi2212); this was described either
as a manifestation of the c-axis superfluid density, or as a
testament of the different role played by the quasiparticle
coherence in the emergence of SC in underdoped versus
overdoped regimes [8, 9].
Towards unveiling the detailed evolution of quasipar-
ticle weight and lifetime from normal to SC state, the
study of the antinodal region of cuprates is hindered by
the interplay of several intertwined contributions, such
as SC gap, pseudogap, charge order, as well as strong
band renormalization. More promising is in principle the
exploration of the gapless and more pristine nodal di-
rection; in this regard, similarly to what was reported
at the antinode, a time-resolved ARPES (TR-ARPES)
study of optimally doped Bi2212 has suggested a direct
relation between nodal CSW and the SC condensate [13].
However, a recent theoretical work has questioned such
a direct link, proposing instead the key role of a different
competing order [16]. As a consequence, for either nodal
and antinodal regions of the CuO2 plane electronic struc-
ture, a comprehensive and conclusive description of the
evolution of CSW across the superconducting-to-normal-
state phase transition is still missing.
In laying the basis for discussing the T-dependence
of CSW in cuprates, we remark that the many-body
renormalization of lifetime and pole structure is captured
by the complex electron self energy Σ(ω,T)=Σ
′
(ω,T) +
iΣ
′′
(ω,T), where the momentum dependence is com-
monly neglected. ARPES experiments provide access to
Σ(ω,T) by measuring the single-particle removal spectral
function A(k, ω,T), with its corresponding many-body
self-energy corrections [1]. While in the hypothetical sce-
nario of a non-interacting system A(k, ω,T) collapses to
a series of delta functions whose area is not expected
to vary as a function of temperature, in the presence of
electron interactions Σ(ω,T) may lead to the broaden-
ing and redistribution of the spectral weight within the
momentum-energy phase space. Therefore, one may ar-
gue that the observed T-dependence of CSW for a well
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FIG. 1. (a) Energy distribution curves (EDCs) at the Fermi
momentum kF along the nodal direction of Bi2212-OP91 for
30 K and 90 K, as measured by TR-ARPES (hν=6.2 eV) and
equilibrium ARPES (hν=27 eV). (b) Nodal EDCs at kF for
Bi2201-OD24 acquired by TR-ARPES. Inset: comparison be-
tween the same experimental data (solid lines) and the EDC
obtained from the 30 K data via the thermal broadening of
the Fermi-Dirac distribution at 90 K (dashed line). All EDCs
have been deconvoluted from the energy resolution broad-
ening via the Lucy-Richardson algorithm [15, 19, 20] (TR-
ARPES energy resolution is 11 meV and 18 meV for panels
(a) and (b), respectively; equilibrium ARPES energy resolu-
tion is 5.3 meV).
defined momentum – specifically the Fermi momentum
kF, CSW(kF, T)=
∫∞
−∞A(kF, ω,T) dω – is determined by
the underlying electron interactions encoded in Σ(ω,T).
In this Letter, we establish the role played by the
normal-state self energy to the integrity of quasiparti-
cles by tracking the T-dependence of both the ω=0 and
energy-integrated nodal spectral function at kF. This
is achieved – for both single- and bi-layer Bi cuprates
at various dopings – by employing TR-ARPES, which
offers an enhanced sampling and signal-to-noise for the
T-dependence of the nodal spectra. This approach, cor-
roborated by conventional equilibrium ARPES, reveals
a ubiquitous suppression of nodal CSW that bears no
relation to Tc, but instead directly stems from the ω-
and T-dependence of the complex self energy. By ana-
lyzing the data in terms of Fermi Liquid (FL) [17] and
Marginal Fermi Liquid (MFL) [18] models, we find that
solely the FL framework reproduces comprehensively the
T-dependence of the nodal CSW, as well as the overall
nodal quasiparticle phenomenology encoded in the line-
shape and amplitude of energy and momentum distribu-
tion curves (EDCs and MDCs).
Bi2Sr2−xLaxCuO6+δ (Bi2201) and Bi2Sr2CaCu2O8+δ
(Bi2212) samples have been aligned via Laue diffraction
along the nodal Γ–Y direction in order to avoid replica
bands [21–23], and cleaved in vacuum at pressures and
base temperature lower than 8 · 10−11 Torr and 20 K, re-
spectively. Equilibrium ARPES measurements have been
performed at the Quantum Materials Spectroscopy Cen-
tre (QMSC) beamline at the Canadian Light Source us-
ing 27 eV σ-polarized light, with energy and momentum
resolutions better than 5.5 meV and 0.007 A˚
−1
, respec-
tively. Additional ARPES experiments have been con-
ducted at the BaDElPh endstation at the Elettra syn-
chrotron with tunable photon energy in the range 7 -
30 eV. TR-ARPES data have been acquired at the UBC-
Moore Center for Ultrafast Quantum Matter by pumping
and probing with σ-polarized 1.55 eV and 6.2 eV pulses,
and with overall energy, momentum, and temporal res-
olution of 18 meV, 0.0025 A˚
−1
, and 250 fs, respectively
[15], unless specified differently in the text.
In this work we employ TR-ARPES as a tool to finely
tune the transient electronic temperature via optical
pumping, and relate it to changes of the nodal spectral
features [13, 24, 25]. Since each pump-probe delay is ac-
quired in the same experimental conditions, this dynami-
cal approach naturally sets the same background baseline
for all EDCs and MDCs, allowing for a direct measure of
the relative variation of the spectral weight as a function
of the effective electronic temperature. Figure 1 shows
EDCs measured by TR-ARPES at kF along the nodal
direction, for two different temperatures of optimally-
doped Bi2212 (Tc=91 K, OP91) and overdoped Bi2201
(Tc=24 K, OD24) – energy resolution broadening was re-
moved via the Lucy-Richardson algorithm [15, 19, 20].
For both compounds, we observe a clear suppression of
CSW close to the Fermi energy (EF), as the temperature
increases from 30 to 90 K. Note that such suppression
cannot be ascribed to a transient state induced by the
pump excitation, as evidenced in Fig. 1a by the agree-
ment between the nodal EDCs probed via TR-ARPES
at 6.2 eV and conventional equilibrium ARPES at 27 eV.
This observation not only indicates that the suppres-
sion of CSW is inherently related to the temperature
of the system, thus validating the TR-ARPES approach
as our main experimental strategy throughout the entire
work, but excludes the explicit breaking of the sudden-
approximation with low-energy photons [26] (also note
that only the antibonding state is probed using both
6.2 eV and 27 eV, and nonlinear effects in the photoelec-
trons detection [27] have been ruled out; details in Sup-
plementary Materials). Finally, as illustrated in the inset
of Fig. 1b, the mere thermal broadening of the Fermi-
Dirac distribution at 90 K does not account for the ob-
served T-dependence of the experimental data.
To quantitatively describe the variation of CSW as
a function of the electronic temperature (Te), we fo-
cus our analysis on the evaluation of the area of the
symmetrized TR-ARPES EDCs (SEDCs) at kF. In
fact, provided the particle-hole symmetry of the spec-
tral function – which has been experimentally verified
at kF in the near-nodal region of Bi2212 [15, 28] –
SEDCs directly map into the spectral function, SEDC(ω)
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FIG. 2. (a) Relative variation of the nodal coherent spectral
weight ∆CSW as a function of the electronic temperature Te
tracked via TR-ARPES, for three different doping levels of
Bi2212. The inset illustrates the difference in the integrated
area of the symmetrized EDCs in the [−0.08, 0.08] eV range,
which defines ∆CSW. (b) Same as in (a), but for three doping
levels of Bi2201. Colored (a) and gray (b) vertical bars mark
the range of Tc for the different compounds.
∝ A(kF, ω) [29, 30]. Here, we define the relative sup-
pression of coherent spectral weight, ∆CSW, as the dif-
ference between the integrated area under the SEDCs
at kF at low and high Te (i.e. before and after the
pump excitation), in the [−0.08, 0.08] eV range (see in-
set of Fig. 2a). This experimental strategy makes our
analysis bias-free from the choice of specific models or
fitting procedures of the SEDCs. The obtained ∆CSW
is plotted directly as a function of Te in Fig. 2 for dif-
ferent doping levels of Bi2212 and Bi2201. Despite the
large number of dopings and related Tc across the stud-
ied compounds, a remarkable similarity characterizes the
T-dependent suppression of ∆CSW(Te) in the explored
100 K temperature range. Most important, the decrease
of ∆CSW(Te) does not exhibit any abrupt modification
across the superconducting-to-normal state phase transi-
tions, and continues for Te Tc (colored and gray bars in
Fig. 2 highlight Tc for the various dopings studied here).
These findings demonstrate the absence of a direct contri-
bution of the superconducting phase to ∆CSW(Te), and
establish the T-dependence of the nodal coherent spec-
tral weight as a ubiquitous behavior of Bi-based cuprates.
The data reported in Fig. 2 also exclude a possible rela-
tion of the observed nodal suppression of CSW to the
pseudogap phenomenon. In fact, despite no equilibrium
pseudogap having been reported for the very overdoped
Bi2212-OD60 compound [31–33], its ∆CSW (purple open
circles in Fig. 2a) is comparable to that observed for the
other compounds.
Having excluded any dependence on the characteristic
Tc, we now explore the possible contribution of normal
state properties to the T-dependence of CSW. In the fol-
lowing we demonstrate that the progressive meltdown of
the nodal CSW can be understood in terms of the in-
trinsic ω- and T-dependence of the self energy within the
Fermi Liquid model. The FL self energy can be written
as [1, 17]:
ΣFL(ω,T) = −αω − i[Γ + β (ω2 + pi2T2)] , (1)
where α, β, and Γ are positive parameters, and Γ rep-
resents a scattering rate term associated with static
impurities, and thus independent of energy and tem-
perature [34]. Using Eq. 1, we can calculate the T-
dependence of the spectral function and compute the re-
sulting ∆CSWFL. We reiterate that the discussion is
limited to k=kF (i.e. ε
b
k = 0), which allows for a di-
rect comparison to the experimental data presented in
Fig. 2. In order to estimate the values of α and β, and
thus provide a more quantitative modeling of ∆CSWFL,
we developed a global fit analysis of EDCs and MDCs
in terms of Eq. 1. Figure 3a shows the results of this
global fitting procedure for three different temperatures
of Bi2212-OP91 and Bi2201-OD24. We assume a bare
velocity v0=3.8 (3.35) eV· A˚ for Bi2212 (Bi2201), as re-
ported from previous studies [35–37]. Note that the pa-
rameter α can be related to the bare velocity by the
expression α = v0vF − 1, where vF is the renormalized
Fermi velocity. Despite several mechanisms playing a
role in determining the self energy, in our analysis we
do not differentiate the various contributions, and as-
sume a linear renormalized dispersion in the first 0.2 eV
below EF. The best simultaneous global fit to EDCs
and MDCs is achieved for α=0.8 and β=20 (α=0.6 and
β=21.5) for Bi2212-OP91 (Bi2201-OD24). These values
are consistent with the band renormalization reported
in previous ARPES studies [36, 38, 39], and describe
well the quadratic temperature evolution of the imagi-
nary part of the electron self energy (see Fig. 3b), thus
validating our global fit results. We emphasize that the
global fit procedure was tested against a general func-
tional form of the imaginary part of the self energy,
namely Σ
′′
(ω,T) = −Γ− β (ω2 + pi2T2)1/a. While a= 1
describes the FL self energy, a= 2 resembles the linear
ω- and T-dependence of the phenomenological MFL self
energy [18, 34]. The global fit analysis consistently con-
verges to a= 1± 0.1, pointing towards a description of
the experimental data in terms of the FL model.
Having established an effective range for the param-
eters in Eq. 1, we now simulate the suppression of
spectral weight ∆CSWFL at kF (integration window
[−0.08, 0.08] eV, normalized to the 10 K value). This is
plotted in Fig. 3c superimposed to all the TR-ARPES
experimental data shown in Fig. 2. In particular, α=0.7,
β=20.75, and Γ=0.02 were used to simulate the solid
black line, while the yellow shading corresponds to the
parameters’ range defined by the global fit in Fig. 3a. A
remarkable agreement is observed between the FL simu-
lation and the experimental suppression of CSW, both in
terms of functional form and magnitude, with a quench-
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FIG. 3. (a) Nodal EDCs at kF and MDCs at −8 meV for Bi2212-OP91 and Bi2201-OD24, probed by TR-ARPES at different
temperatures. Black solid lines represent the results of the EDC-MDC global fitting procedure using Eq. 1, as explained in the
main text. Optimal fits to the data are found with (α=0.8, β=20) and (α=0.6, β=21.5) for Bi2212-OP91 and Bi2201-OD24,
respectively. (b) Temperature evolution of the imaginary part of the electron self energy extracted via fitting of MDCs at
−8 meV (integration windows ± 5meV) via a Lorentzian-like function for Bi2201-OD24 and Bi2212-OP91. The solid black lines
are quadratic curves defined by the β coefficients obtained via the global fit procedure of panel (a). (c) Comparison between
the experimental CSW suppression (data from Fig.2) and the simulated ∆CSWFL within the FL model via Eq. 1. The solid
black line is computed for α=0.7, β=20.75, Γ=0.02, while the yellow shading accounts for the parameters’ range defined by
the global fit. (d) Normalized temperature evolution of the spectral function ∆A(0,kF), for Bi2201-OD24 (TR-ARPES data)
and Bi2212-OP91 (TR- and equilibrium ARPES). The integration range in momentum and energy is 0.005 A˚−1 and 6 meV,
respectively. The solid lines are best fits to the experimental data by using Eq. 2 for FL (black; Γ=0.02 and β=20.35) and MFL
(red; Γ=0.019 and λ=0.96) models. All spectra have been deconvoluted from the energy resolution before extracting EDCs
and MDCs in panels (a), (b), and (d).
ing of the CSW as large as ∼ 25% at 100 K. Despite
the significant suppression of CSW at kF, we note that
the tomographic density of states along the nodal direc-
tion [40] (i.e.
∫∞
−∞A(k¯, ω,T)dk¯, where k¯ defines the Γ–Y
direction) does not vary within a 3% uncertainty over
the explored temperature range, consistent with general
spectral-function sum rules (more details in Supplemen-
tary Materials).
In further support of our interpretation, we examine
also the T-dependence of the spectral function at ω=0,
A(0,kF,T), which can be written as:
A(0,kF,T) =
{
1
pi
1
Γ+β(pikBT)2
, for FL
1
pi
1
Γ+λ(pi2 kBT)
, for MFL
(2)
where Γ is a scattering rate term independent of energy
and temperature as in Eq. 1. We remark that the T-
dependence in Eq. 2 is solely determined by the param-
eters β and λ, offering a simpler and novel comparison
with FL and MFL models. Figure 3d compares the rel-
ative variation of the spectral function, ∆A(0,kF), for
the two models of Eq. 2 (solid lines, normalized to the
10 K value) to its experimental counterpart for Bi2201-
OD24 and Bi2212-OP91. While the FL model captures
remarkably well the experimental data, MFL instead fails
in reproducing the observed T-dependence. This finding
is consistent with optical and transport studies report-
ing evidences of a FL regime in the underdoped region of
other high-Tc cuprates [41–43], as well as with a recent
ARPES study of an overdoped La-based cuprate, which
reports a FL-to-MFL crossover moving from the nodal to
the antinodal region [44].
In conclusion, we have reported a comprehensive
study of the meltdown of the nodal CSW as a function
of the electronic temperature in Bi-based cuprates. By
employing ARPES, both in its conventional and time-
resolved fashion, we have investigated various doping
levels and compounds over a broad temperature range,
and revealed a ubiquitous T-dependence of the nodal
CSW bearing no direct relation to the superconducting
or pseuodgap temperature scales. Instead, the observed
suppression of the nodal CSW at kF naturally stems
from the temperature and energy dependence of the FL
electron self energy. While our findings demonstrate the
Fermi Liquid nature of quasiparticles along the gapless
nodal direction of Bi-based cuprates, further investiga-
tions are needed to address whether such a scenario holds
along the whole Fermi arc or if a crossover to a Marginal
Fermi Liquid behavior occurs instead. To this end, the
pump-probe approach presented here for the study of
the CSW temperature evolution may soon be extended
to the antinodal region of cuprates, owing to the advent
of TR-ARPES in the extreme-ultra-violet regime [45, 46].
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